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USe nJW 0*1 Of 400 COSSWueh has bees to LdeStift the MehSbgms
A

responsible far tuwbslese predustim, near meeth walls. Altbeugh MW

dvM01al features of ase turbalemoe prod"eti. pe sumhsv be".

previosly idestifioe sad "M models proposed toe splais bow thes"

features some, to be. as easM for their existms mad to, theit

evolution, late turbalout owutiemssa" etUl we t stsaetUy

andeatod. OW rose&"&ebhas suseeeded in pgsiLa a Mattled rioture of

mall regies stwutwe. hr teaesiag atteuties spa the, iatersetiou whish

results from ofe passage of DIMMOselo soberest inetiess-lblh "t late

the Uttier roes crew farthe st is *0 1syer--vlth the wall and the

* subla10es noew field. ?mse aiesele notiems eWeste peosswe grediests

seesthe wall, 16ish result ia s heemrties et amw mtlty and the

redistribstim of eltiug Taolit7. Beck of those Pseesses reSalt is

* the ewfootiem of leal eematestioss of mtieity. osbe a 100.1

omesstion to met or Its vstable to small g'srturbsties thee

through golf iamomtie. MAd the satift of I& theo tes troas cat* field as

* the pertud fogies of flid very feoid 4amil effects ste observed.

noe Result Of the, Latoestioms to a least feature La the wall reaies.

Ibih we sella "shot. Met atthe pedetiesof trbalemse isthe "I.1

* tore eawr to be basseolated with the fsnatie and suelatiom of the

fluid qithia those poobst fnow now**e. we have datomimod that there to

a VM high esrelaten btweom the farnties of a psobst sad the wrosesse

* of the mi"Osele wotises "mistely aboe the wall. Llthoos the

Pookets sa" repetitive features, easily ideatitiable I& the Visualized
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0618yet by their ohboes, their detailed evelution varies sousideabiy

doeseada ups Ihe ovtstit ad strowth of the mstesease miesr ta&

ist..sest with the ga1l am 0*hiqer.

We hoe. e&I" sossbaed ups Cho earn I mehasions bayss te .esmPt

of a porturbsties that reslts in a Is$", pressure fradtest. to the IMw

of flow field that sald predese the ieee) pressure sst but

weifiesttas, of the essel msbasimseUI Wil equire sissktisest aditia

Wh.6

O3 resese Was isiited "s a reslt of a previous reesmisaties at

the well rwst of a tobaefe boundely twey wI" liiested, that as

oestrel strturawl fee at orhe tobolosse pod $ties Mgolss5 was

empletely overlooked by previous lAnesites. go isitially iseided to

stoo the vadetside of a tsuboeft opat. bet iibi disoovered that tbe

rate of pedeties is so repid under a optl that iseasti.. and

doeesllestio of the esetral serwetwl teatues was me difti..he to

asempl t sm is Ase fully tases boosdacy layer. $& e ibexha

essed Ibe majority of -,r atlesties ups.

eT ol *at alot as boomesemplisho go ee. As it has*med

0e thlb toots he"s tood so ta lmost stort from eaetsh rather sham

build sps she warko atern. This bas Most rather als ( bet Otao

seeeptmse of the rest at she eimmnity as they basis to so sveflowps$

espetiumes (as sample Is as aftiolo to be Poished by Owhis. Tsai and

Usaftbo Is she Jesumil of Fisid nehs.., she abetuset of wIbeb Is



A brief aessesl "imulemsr ofUc othe mjer stae. is se

teOeare 99pm is weeseed below. wige is followed OW the so"p of

seb o*"e 040 ohem OW a toWle el Ike njW results. pliesties

""rated deuces die evre of tbis owl a" Imdeed is the ,.tcesme

* by em sevisk.



1) swt .sssbliuew a*. eostmo. of a Imel now sodsle Sia was

a"t *Gbemyd IF earlier imoeltst. bet SiA @eee to be *0.

pro.sro of fte etueea' oso"esw .34 lie burtif lee w.. as

omperisueael pop me as 0lisbed to dssemlm its tope,5.me. Use

five's step ws to daemin "00Wi lie tam so**ee a.. usivnrlIt

*beer#" wall roome pbomss n ealy a fees.,. ot lew ftysldo emb

2) avhw witmesi am is all MAI bomded flowo-tw&1a *Be* te

a" 1f diteel NS-euissul tos..beqw to "e It--" porfmsd .erise"4

is Muir tubolot bodu lower$ to do"Wem ib le"Ai osels sed

frquesev of oweme." of the reats siebe them mated4 oobe.

Omt we been. to see.* n ti fields semoeted viba 60 "oleeUs

esbpe "o *"V"d uaidly. now fieldes meld saly be mdeisteed IV

doeuesIse "oer tam at Spelti aesep$ ilk 0* poebut "elgies

ITlinspes IM ess eldebe used). S ie eu a *- 1 for this

3) noe es"loafty of Ike geebu flo field lmesegtles teqaired a

working edal toe mile nose to be sodsea on f the =*too*,

la~e.dtaeel nt field. ls 41.sve oaet ie fmisol prepsutiea

of ,intea ,iagluell ateateetimn bed sawp of 160 evolvesime? foeree. of

the penows tis medle. veeR.: ris-In* .4 . also

spfesied is Seot..) boundary tar" deem) tte sals lie. a sa me bnge



oft he flow fields, Obtsk wwol*o ae mi of Sia~ "SOMeeS1,6e

4) am"* estblsh a peeilimily tlow field plet.'. thmewbest Sb.

pGAbSseet@&e with as help 611k Yw imm #1m Wool Is*e.I*.m

Smemes astootes as shifted to s. flow field($) cooe.ble for

mb~le mosemo se pobes.

9) se" of asb opos elmUaerit Co beemsomm Sb pba$ f(smsle

OWd se "mem wss wine, oBed a a OdeS so hoe to sarmbfo wee .

ceesat 6 voriess abesh. 6l "i inShe embslon boundew lwve.

4) lbwm ladm.d tome Shat aemteSlv ..ewmue m ten efig" Scooed

poebase is bewndm Sq.,.. we qSlrnm a ime esmel lboomaas. It

beem. slow Sot a m Ieteeelom St te etma" von beue etch

A*e mll wee So se a less, fwrme PaM.W $90414014 vbE we

mosompeed IV a loos aere pedlems at she betuaea ofSb.

Imleeol S. Ihrn anr of saft Iiesta aawtoda to am on melet

md todiusuloe IM an ml emlesims$ Oqmo mU.elit is" smee1.ete

Impose sm "ase meellas. *am, mummee., 61Sb oeeS. or s. wresa

go" do"e .SonEwe tard to ell al Ma, Waste "alito. the"

emted to be leesod ow me..se 4614 amle to. taem ern S d

vll. lb.e w have boon" is u.5n ow deo for v.te that

emmnSIMI sweep rofash Is s. psebees as qftleal sweem 4D. It

to aes fimmset to ses that got all 9MUS&O. S014 posed overe S*&wel

"elated is so fmitesm of a #"hat. to psettleie. the balqdats-

mul~es shat me. seRed to, aos at Sb. bwrommr boomwm of a rost



1"oh, fameed "em at am pro"e "d Ibs. mese.ed @waw it* eis how.

litlsees as %be viemlised eltwro at s pebe it is to lansed

below The b.)w~s.

7) noe Woriees Mmsslo e ft s peewee baw. bae see" at

18.0 a" 34.3. As 18.9 "e boe. sipLis" eM wustl. we bus1 boe

loaigselede elaie vgame. Imeworas ym * 34. so vortgeSt Use

mwed IVd Is".a vWI" "- epWfleees serno gems. to aem"Aseed W146

S. mined inewi b"19u,4&

III) if a-

1) Tbe folewlaSClose oe. wnveslp"d se, Ateinm S. esfemem o1 I"

peeles now sme. l is o bod novm

of P.S w deelopd furbeow bou"M le
s.e 6 % MW 409 to SONS

bI noe 1"aerts wes bomem a m*.lem
"*I"t .IM1,w Wena twer ewer s rw

.5 flew mat stwoms opns o, asa *
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The 9ortes .,ag/yS wes~e eism me *bsia nim son ad sevestivee



UsIhre ss, of aeps S lo sofiesa" w e.mismeas is 6. Msir

towese bginba" ese as % a$ by SAMISssm. t" isitewei teis L

"a pams and aresMo~m metioly amcWammu "bid bwtois. OW

pruilps objestiw. 0e. to imesimso a....amee SWWW trelft sirtess

me oboes ssesistd via ke . fM.. go so e.r flam e .,Lbi at

lb. Immums.e pebeei vatm asli 1k. tuemy or OfewmeeO

"s eslam wime~sh as OJOGS60La mi 611.6k remmeos. to tura

""Wmbe as . LW3m. OW deteinaika. Ike ooib *"see OWfeqa

$I 000WwIsma Of Ik peeweeis $be a.rev WMA bumima e* OW. toL

ISO Imwim ,sbI1"Ome WAM Imq l ineareetm, safe adaaw

Abm so seompea deus.

v1 sm so** so a., nows tootoo an ds as "a um ftvm~ mma ta,

me taly forma beenimav iqam s endi.tmeam new

'plemftssesmt a Ws I ,a we seuielemikmtb samisime "me~ a

low at". vainoel ormh. Use sismas vere 40te sid soared es as

In1 IVU asem. noe ve late Opesmei to St. of IV* We 001"0

Ow". % we saw. mi d 0 ooo owwo ~ miseOdtesfa m.

21 no esda stai"s. of vueves laSWW"8 "Ge"6s,606tms"$

o.oo.lestim stm" ewe. .afeOtr a 00pe "gq WeUaspon wtis

"au at Ideal MIN win IS a 141181 NOW . US? so.pn ms boa

mailIan m ie OW IeS is "W. "I a "0 muls ee.m of She

amsee o it tarus, need ide pstwa aa rud car" es..

at Pe ow sowt as rum twisi mmommebe rev a camls at



* 'eb.S.. tmi mw"m now vtieStse ad be"-ig W fp sti ISl
6a* swoam gnuotow pro*e ow ~1ed. we seem" a htlar oweiS~d

looeiro beewls" iUm via wwb as a * 02U.S. ow % a Pg.

msem "W.61w Iweivd 6 tie"d bm~m~i p1mW& ,we tiam", os

Iuimtisd "i vim. U" is imd ast a. sou now d petem

*4 "soled ebwe do oel * a.b pg*$ tow ise do fosge.

S) burn e a 60 0=01 a. Olsa Ur6 Oww t&M es w~ -aIse

ow muebi S. view) eeaie~m e se w 6e-vies "anew"e of

a* nSm hoe sbsSo pod" ee Ia or a* puly meled &aw *t

viewS sses) qua mid be lmeepesee as wol"w (m wmsse.

6) U. Openeste so Ae pwy imeeest~e a d wwm ease

ssed none an to s pwom opas s on t us e msw

fte oww" nod am* a pwbmmw emle"IFuoW 9edsm~e (em as
00092" bowswife no 96"ws *se* a" 6=60 eineqses S as
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Feibep whe Me hos~rn eslt to smoee n1 of~ wo.. immeltm

*~~t a.se ft es a Iwoel pued.ulos "mes.s to SWl"g by *0

amis smovE £. vall orf en ml stern or nosld noe tomeh ssl.. o

wboe "$law e w e lage amops d to5 6mEa booed was easwaioas of

ta foe""mas. So ell s of the muou lbmows aser to be

opgeseinmll T"wlin siomsele I False IVMi. Poo 1"0. Poles sa

So Wem* stulod a*e few ad souses of the iles *at smtae

b. Soll. noe slIlsem is emples. bee ase fellieia feel boe be"n

a) %rnea #tmlap/a OMOS, sorlegld so a d.wet oeot rm

"A saw - am 0 gao Iel . bebsi 46mbeood teor*to pebelos. SIBM

oaeth a" M t" ~ l a" ON l but"" beas ow w tiell Me" us b.

hmoeweed th ee bawh~t of the SMOG mEesoe ""am orieep

hsowtivae sigsen thouba 1~m ioth* top part of tho oft (P6l IRS.

Poso. ml Lovett I5. Levott 196. alsoso tep I. le, Sier I96. mid



PAGE 12

Riem sad yal.o 1i9).

b) Vallward moviag motions with appeosiately the same length sales, that

have little poetuubstioa vatielty, have bees observed to ereate pockets

that appear SeNally similar to pockets formed by the vortez ring/wall

isteraetioas. These notions sometimes appear to be renasts of the large

seale weeps. bet at other times appear to result from vortex Laduotion by

rines whose lower lobe is is the log regioa (Lovott 1SU).

Tbis i"aermatioa eostrests with the losu-staudis hypothesis that

eloaaated seggmis vortieesa. Ibih wore attached to the wall. "puped"

fluid both towards aud away tram the wall. Futhermore. it adds

sgipiftest detail to the suglestious that iaar/outer region interaotions

resulting fro the mevomeat of fluid toward the wall are the dominant

turbaleme PFodutiou mebeamim. Nest of these bypotheses have suggested

that larg seals motious . i.e.. iotious the sale of the shear layer

thieese, direetly eotributed to the sublayer disturbances. As we see

this Is not the ease.

i) Ls0el eereties sad local redistributios of wall region vorticity.

ho Sleaeeole s wllerd moving fluid togao.. establish eoaveoted

stspstom point flow fields at the wall whieh result in the generatioa of

we Vetileity at the well via the relation,

p
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sublavei 9126 away. Beeaus of the tiite estest of the walIleard metios.

as &&*os pressur pedist otists at the besowlaes of the iaseeios.

Thus. @*lor fluid is ##two* way fres the eemeted etesustion Vaet by

the towmable peosewe wedisMa u caes there. sad is slowed &"a a"

oes ap. mway femn the Mal, is the region of &aer"e Pressure 8pAdtest.

ase resul Is the famestes of a bail&* of sublayer flail &COMd the

istovenos. Twio WUOV to eloeed to the etruviso diceeties

bees..e eagstsivtes s L"meones hweerem. nohesautt is the

famees of a pairat efesinise esake (Vele, 1#70. ltaft. 1M.

load).

91 pweieslo of Uer"~ ourloes at %be resocrom bemsawaq of the "*es

baIptea lses " were bl~ear blessed temiat s the hesasem

beeadutee of &Malepe& peees les I Its ). The vor beirpta is

meibared appwlate beeosm the rv is wbisb the wrelsty closes spa

itself ptt athIS "s so set lasat with reopen. to the drets of

a*e lifted batap#s sad. no" beiptse bows bees observe to prppes.

a" to abast 70 a If. am tey bed find of BI or ef usew Mw

stettom. Mad oweted am ow volsh peths. "e swll? am little

offen. So bee. biwnbemmet Obsered OW iAtorooel visa the ethlaor

fludd besseth ahm t led to th emalntes of ee pebte. soe

Swassela unt SNOW se thse belfries. son famrthON - bu the,

waskillp w swe ON, isaftbh it? thet freuls as A*e fainte of gmcc

#laps - agiuM farlaw iup** igstes.



MISS is

TO) StsuOvet stays of poekats result is very sharp Ify sigasla at

Mbom too ( or insc ) poebos ar fammed side by side, the thiebemaku

ot subisyer fluid aims their setigua stzemise boundaries is the

highost toeud. Ibis fluid ettes ea be folow"d as It is drow Late the

eater layers. Ibis has ettem boom observed to .esw as a result of Vortex

isdustm le Seemeutated oet lower vortie (Valoe 5t7t).

911) The slowsted stre* seru"e femand aloag the wall is met

d*omleallv hoprtat. The longest streaks ef marker are feund right

along the vall. ad are believed to be, is part, regiess that have mover

beas rearranged OW soevetive meties (i.e. where aethis isterestiag

has baeined to the fluid aimov is passed the fro slit). Other parties

are the rinamaso othrer baild sp that esr aleag the sides of a

stesred armu at peebe to.

will) The frequomey at geurrefee of the peebte has bass mo$vr.

Peebeta do u seal"&I* a eater lower parmviters. 16ieb Is the sealing that

bes bee" suggested by MM iamestigts for the turbsaee prodaetios

pooes. we have roed bewever that they do goal* so wall rogies

(Peloissd Leotes to be published).



As) The leath "Ole# of the overall atreeby $trutme are &lse towe to

to Raymelda -1r depeadeat. aud do met s&"ls eR either lameg oueter

layer parameters. ibm es e-dimssiosslized on Lamer rogios parameters

they laso"" with % as the .4 power ( Vale" sa Leet., to be

publ ished ).-

a) ?be leaph amises of the peekts have be" measured ever the Cupg 713

( %, ( 4M~. rheir soals$ aI"so est depead "slly em tamer regiem

variables. ?bis is eIstea. with the stroug Cole of outer Casies

soberest motions deseribed above. When sa-iueaionmlled "n Loner

region variables the gaeetn widths Ler""c to % to the 1/3 poer ( Pales,

sad Lovetto to he published )

3) W UmS W Eff R uIS Mu

i0 Spceediag iate, the I=me boundary layer A"e to poebots

Yintes uiWaIiks typieal eddies have boom observed to he rotated

towards the wall at the froat sad sides of the spot by I&* largo geals

voceieity ubish exists at thse heudaries ad to esae "aets La the

* Imiser bousdary loyer. These poehots @Wpar similar to thes found i

fully turbalent headary layers (Val" 19731). they evolve isito lifted

streaka of low speed f luid ad iate hairpiea Whiek lift off sarse

* servabled. this all happen., withia, a very shert time MSel. Its

evolatism of the poohet is the pr"oesse that iseorporstes the former
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imisor boundary layer flatd into the spot. This aesouats fer its crpi

growth. Spot growth is not Lidpeadent of Reynolds ambers isead spoto

pow soe slowly s the Reynolds amber isereases. The semeties between

this ad the toot that poebsto door**#* Is "eale is the fully turbulent

beesdaxy layer as the Reynoldse amber increases is being eawieoed (false.

is peeparstios).

it) hbirpisa at Irstrem eud

lairpis have bees observed to fems at the spetrem boundaries of

turbalost: svots, &ad to Pgopagat. doasatrow Into the body of the *pots.

Thue. Is a laser sheot stremoive Plise am mod "a both restex

niag/like typleal edWie and the tops of haiupiss.

lit) Taylg Gotler vartlees at asatrew sd

The tiosa at the upstreas boundary of the spots appeared to be

Tale G4tler vortiees. Is toot their broakdms at the upetrem boundary

* of ths not. uhish reSalted is hairpins, ws ecapletely eoaaisteat with

the bceadu~s Observed by Sippes as the fortler number ezeceoded its

eritieal Vasu.

*v) lisher density of poshke vadersesth

* Daderacath the body of tmrbeleat a"&ts, we have witmseds the

02iSteWee of a eosaiderably higher density of pokets tha found under a



fully developed tusbeleat boundary layer. This results La am@ frequent

poset-poiebet isterseties, OW presumably higher well sheer stress thea

found mder a turbalest bessdeq layer geserated tem the sme beetlesn by

a trip.

C) WPMIS or UAMSUN WI = EME IA em u iTMMK LELS

0) Peehets fows In the too-dimenaeieml laimu beudarY layer

1f the turbaleat wake of a eireslar syliader iatets a Iimar

beindery layer* the Imizar layer beesmes turbabeat. The profess boo bees

examined. ad found to be the Result of disturbeases mussed by vortex

sise/like eddies whigh Latenseet the layer adi easse peehets to tois. The

pookets eVolvo as desezibed above sd, as a somsquesse the layer beesmes

curbuleat. Wei PC"$$s$ de$ get mlave the Meosesse of

Tollsiou-Sehliohsiag waves. On the other heside beoase the Lee

bessdeq layer ia two diamaeirml it shows s that poehets do got form as

a reoslt of Soe evelution of same ezietiag etremise vor tex stnuetune.

D) W IUIC W Tom 3SIML Di B~Of

0) Oaset of stto*$ vis**%s feoe

The svolutios of a vortex rise as it smss inte esat with a wall



is esseatially govermed %F strong Yis"e to@*. Jatissid thewry breoks

dawn ealy Lu the eelsutim this bas the overall result of destabiiing

the rims. ad creatiag a highly trbalout. mes L. its wie.. VhM wall

*re marker is useds the footprint at this imtereetiou dbws the sme

sharseterieties as the peets feud is the wall beuaded flow discssed

aboe.

ii) Gemrsties of m Vertlity at wall

ImeriamtAs perfamed vith the rifg mviag towrds the wall is a

quiet mbiest slowly showed that saw vemtieity was gesersed as the wal

by the Iaeemins Pressure field of the vertex rim. (see equatien 1).

III) Natgel interaction, of ring sOd newly generated vertisity

While this saw wall layer urtisity is being geeratedo the nag is

still goWerned essentially by Luyissid d*nemica. Thus, it is being

stretched ad Its motioiey amplified. The Parties of the ciao closest to

the wall *statche the meet. ft induction this Parties of the ris$

redistributes the newly crested wall layer vortisity shich is Initially

distributed ever AMe wall Luto a diserete vortex. USe stremgth of this

varteit Is less tha that of the amlified rims vettez, wbieh *ses$ the
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The Structure of Turbulent Boundary Layers at

Low Reynolds Numbers.

by J. urlis*, H.M. Tsai and P. Bradshaw

Deparment of Aeronautics, Imperial College, London, SM7 28Y

Conditionally-sampled hot-wire measurements in the range

700 < Re < 5000 confirm the general flow picture advanced by

Falco (1974, 1977: see also Smith and Abbott 1978) on the basis

of smoke observations. The intermittency factor and the

turbulent transport parameters (the 3rd-order structural parameters,

deduced from tripl-product measurents) are independent of

Reynolds number: this suggests that the basic large-eddy structure

(Falco's "large motion') is nearly the same at all Reynolds numbers.

The shear correlation coefficient is also nearly Independent of

Reynolds number, but this is partly a coincidence because the ratio

of u-component to v-component mean-square intensity changes quite

rapidly at Reynolds numbers R%< 2000. The probability density

function of turbulent-zone length varies in a striking fashion

with Reynolds number, qualitatively supporting Falco's finding that

the small scale undulations in the viscous superlayer (which he calls

"typical eddIes') scale on the viscous length parameter rather than

on boundary layer thickness. The average turbulent zone length,

deduced as an integral moment of the probability distribution,

tends to a constant fraction of the boundary layer thickness at

high Reynolds number, where the "typical eddies" become small

compared to the size of the classical "large -eddies* (Townsend

P 1956). However, the probability density function as a whole depends

strongly on the choice of the minimum length of irrotational

Ozone" that Is admitted as real, L.in, say, so that the only

general method of presenting zone-length information is as

probability distributions of zone length L conditional upon Lmi n ,

(P(LiLmin) in the usual notation. The determination of

intermittency from velocity or temperature fluctuations is

i --



discussed in detail because of the prevalence of erroneous or
misleading results in the literature. The law-of-the-wall

relations, specifically the constants in the logarithmic profile.

seem to be independent of Reynolds number while, as originally
deduced by Coles (1962). the defect-law profile varies with
Reynolds number.

1. Introduction

The usual analysis for the velocity defect in a turbulent
boundary layer in zero pressua gradient, given, for Instance,

by Townsend (1956). leads to the expression

ue - u . il
CfI(41 (1)

UT

where uT is the friction velocity /(y'p). The analysis assumes
that the apparent effect of the parameter uT/Ue a ((cf/2), or

equivalently diw/dx, is negligible. It is possible that the

effect of cf is responsible for the slight Reynolds-number
dependence of equation 1 at high Reynolds number, especially in
supersonic flow, discussed by Nabey (1977). However, Coles
(1962) found comparatively large changes in turbulent boundary
layers in zero pressure gradient at momentum-thickness Reynolds
numbers uee/v of less than about 5000, and it his generally
been assumed that this is a direct effect of Reynolds number itself
rather than an effect of cf; that is, it is an effect of
viscosity on the turbulence structure outside the viscous suslayer

(the defect law analysis assumes viscous effects to be confined
to the sublayer u Ty/v < 30, say: see figure 1).. Htffman and

Bradshaw (1972) showed that the velocity-defect profile in pipe

flow is apparently independent of Reynolds number, even in the
low-Reynolds-number range, and the simplest hypothesis to
explain this difference between boundary-layer and pipe flow is

to suppose that the Reynolds-number effects on the defect law
are associated with the "viscous superlayerm, that is. the region
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